Abstract. This study aimed to identify protein(s) that bind(s) to the highly AT-rich sequence of porcine Fshb promoter region -852/-746 (named Fd2) by the Yeast One-Hybrid Cloning System and finally a paired related homeodomain transcription factor, Prx2, known as a key factor for skeletogenesis was cloned. RT-PCR analysis of fetal and postnatal porcine pituitaries demonstrated that Prx2 starts to be expressed at around fetal days 40-50 just before the beginning of Lhb-expression and that the level of Prx2 increases after birth. Immunohistochemical analysis of the prepubertal porcine pituitary revealed that some Prx2-positive cells overlap some Lhβ-positive cells. Transient transfection assay using nonpituitary CHO cells and pituitary tumor-derived LβT2 cells revealed that Prx2 plays a cell-type dependent role in modulation of the Fshb promoter, showing stimulation in CHO cells and repression in LβT2 cells via the regions of Fd2 and -596/-239. The binding ability of Prx2 to the regions of Fd2 and -596/-239 was confirmed by electrophoretic mobility shift assay. DNase I footprinting revealed that broad regions of Fd2 were bound by Prx2 and that -596/-239 contained seven Prx2-binding sites. The SELEX method using a random N15-mer oligonucleotide pool demonstrated that Prx2 monomer binds to a TAATT motif, which is present in Fd2 and -596/-239. However, the binding of Prx2 to TAATT with a single molecule and its inverted repeat with two molecules could not induce transcriptional activation, indicating that the Prx2-dependent transcriptional modulation demonstrated in cultured cells is not introduced by Prx2 alone. Thus, this study demonstrated for the first time that Prx2 is expressed in the pituitary gland and at least in a part of gonadotropes in which Prx2 may play a role in repression of the Fshb gene. Key words: Follicle-stimulating hormone (FSH), Gonadotropin, Pituitary, Prx2, Transcription factor (J. Reprod. Dev. 55: [502][503][504][505][506][507][508][509][510][511] 2009) ollicle-stimulating hormone (FSH), in addition to luteinizing hormone (LH) and thyroid-stimulating hormone (TSH), is a member of the pituitary glycoprotein hormone family consisting of a common α subunit (αGSU) and a noncovalently associated hormone-specific β subunit and plays crucial roles in folliculogenesis in females and spermatogenesis in males. Notably, three gonadotropin subunit genes, Cga, Fshb and Lhb, are expressed in the same pituitary cell, the gonadotrope. Several investigations have been conducted to clarify the specific regulatory mechanism of Cga and two β subunit genes (reviewed in Refs. [1] We have previously observed that plural nuclear proteins specifically bind to the AT-rich sequence of the porcine Fshb promoter region -852/-746 (named Fd2) [10] , and have demonstrated that the upstream region -852/+10 containing Fd2 is sufficient for gonadotrope-specific expression [11] . Cloning by the Yeast OneHybrid System using Fd2 as a bait sequence led us to select plural proteins including Prop1 and Lhx2 [12, 13] . At the same time, it has been reported that Lhx3 regulates porcine Fshb gene via several binding regions, including Fd2 [14]. Prop1, Lhx2 and Lhx3 are members of the homeodomain transcription factor family, which plays a key role in transcriptional regulation during eukaryotic developmental processes. Expression of Lhx3 in the mouse pituitary is triggered by Fgf8 signal on embryonic day 9.25 (E9.25), leading to the formation of a definitive Rathke's pouch from the rudimental pouch at E11.5 [15] . Lhx3 -/-mice show a serial defect of pituitary development [16] [17] [18] [19] . Meanwhile, Prop1 has been cloned as a responsive gene for Ames dwarf mice, the pituitary of which shows a defect of Pit1 lineage hormone-producing cells of GH, PRL and TSH accompanied by hypogonadism [20] . Lhx2 is a member of the LIM homeodomain transcription family and is thought to be crucial for eye, forebrain and definitive erythrocyte development, though not for pituitary development [21] . This accumulating evidence of homeodomain transcription factors potentially recognizing the Fshb gene leads us to an understanding of the regulatory mechanism of this gene.
(J. Reprod. Dev. 55: 502-511, 2009) ollicle-stimulating hormone (FSH), in addition to luteinizing hormone (LH) and thyroid-stimulating hormone (TSH), is a member of the pituitary glycoprotein hormone family consisting of a common α subunit (αGSU) and a noncovalently associated hormone-specific β subunit and plays crucial roles in folliculogenesis in females and spermatogenesis in males. Notably, three gonadotropin subunit genes, Cga, Fshb and Lhb, are expressed in the same pituitary cell, the gonadotrope. Several investigations have been conducted to clarify the specific regulatory mechanism of Cga and two β subunit genes (reviewed in Refs. [1] ). Hitherto, findings concerning the responsive element of the Fshb gene for several extracellular signals have been reported, such as the activating protein-1 (AP-1) sites for GnRH activation [2] , progesterone-response element-like sequences [3] , the estrogen-responsive region [4] , the Ptx1 binding site [5] , Sf-1 and Nf-y binding sites [6] , Pbx1 and Prep1 binding sites [7] , the activin-responsive/Smad/Ptx2 binding site [8] and Usf1/Usf2 and Creb binding sites [9] .
We have previously observed that plural nuclear proteins specifically bind to the AT-rich sequence of the porcine Fshb promoter region -852/-746 (named Fd2) [10] , and have demonstrated that the upstream region -852/+10 containing Fd2 is sufficient for gonadotrope-specific expression [11] . Cloning by the Yeast OneHybrid System using Fd2 as a bait sequence led us to select plural proteins including Prop1 and Lhx2 [12, 13] . At the same time, it has been reported that Lhx3 regulates porcine Fshb gene via several binding regions, including Fd2 [14] . Prop1, Lhx2 and Lhx3 are members of the homeodomain transcription factor family, which plays a key role in transcriptional regulation during eukaryotic developmental processes. Expression of Lhx3 in the mouse pituitary is triggered by Fgf8 signal on embryonic day 9.25 (E9.25), leading to the formation of a definitive Rathke's pouch from the rudimental pouch at E11.5 [15] . Lhx3 -/-mice show a serial defect of pituitary development [16] [17] [18] [19] . Meanwhile, Prop1 has been cloned as a responsive gene for Ames dwarf mice, the pituitary of which shows a defect of Pit1 lineage hormone-producing cells of GH, PRL and TSH accompanied by hypogonadism [20] . Lhx2 is a member of the LIM homeodomain transcription family and is thought to be crucial for eye, forebrain and definitive erythrocyte development, though not for pituitary development [21] . This accumulating evidence of homeodomain transcription factors potentially recognizing the Fshb gene leads us to an understanding of the regulatory mechanism of this gene.
The cDNA clone analyzed in this study is the paired-related homeodomain transcription factor Prx2. This is the first report of Prx2 being expressed in the pituitary gland. Although the expression of Prx2 was previously found at the primitive streak stage in the extraembryonic mesoderm in mice, Prx2 was not detected in the pituitary gland [22] . In this study, we attempted to analyze the expression of Prx2 in the porcine pituitary and its function in Fshb gene regulation. We observed that Prx2 expression started in the pituitary at porcine embryonic day 40-50 (E40-E50) and that some Prx2 immunopositive signals were localized in gonadotropes in the prepubertal porcine pituitary. In addition, a cell type-specific modulation of Fshb promoter by Prx2 with activation in CHO cells and repression in LβT2 cells was observed.
Materials and Methods

Yeast One-Hybrid screening of pituitary transcription factors binding to the Fd2 region
Construction of the adult porcine pituitary cDNA library and integration of the bait sequence, Fd2 (-852/-746) of the porcine Fshb promoter (Accession no. D00621) [23] , into the yeast chromosome have been described previously [12] . One-Hybrid screening was performed with an efficiency of 5 × 10 5 transformants/1 μg DNA by selection of amino acid depletion followed by an assay of β-galactosidase reporter gene. After isolation of plasmid DNA from yeast, the cDNA clone was amplified in E. coli., and the DNA sequence was analyzed on an ABI PRISM 310 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
Both the amino acid requirement and β-galactosidase activity were reconfirmed after the transformation of yeast YM4271.
RT-PCR analysis
The isolation of total RNAs from porcine embryos and postnatal pituitaries of both sexes and construction of cDNAs have been described previously [24, 25] . The specific PCR primer sets used were: porcine Prx2 (5'-CAGGTCTGGTTTCAGAACCGC-3', forward, and 5'-TGTCAGTTCACTGTGGGCACC-3', reverse) and Cyclophilin A (5'-TGGTGACTTYACACGCCATAAT-3', forward and 5'-ATTCCTGGACCRAAACGCTCC-3', reverse). PCR was performed in a reaction mixture (5 μl) containing the required primer set (10 pmol each) and 0.5 U AmpliTaq Gold DNA polymerase (Applied Biosystems) with 36 cycles for Prx2 and 32 cycles for Cyclophilin A of denaturation (94 C, 30 sec), annealing (55 C, 30 sec) and extension reaction (72 C, 1 min) steps.
Immunohistochemical analysis
Fresh porcine prepubertal female pituitaries from postnatal day (p)30 (kindly supplied by Dr. H Nagashima of Meiji University) were fixed with 4% paraformaldehyde in PBS at 4 C for 24 h and then immersed in PBS containing 30% sucrose at 4 C for at least 1 day. Frozen sections (10 μm) were reacted with a primary antibody, rabbit anti-ovine Lhβ antibody (NIADDK-anti-oLH-1 kindly supplied by NIDDK), which is more sensitive than anti-Fshβ antibody, or mouse anti-human Prx2 antibody (Abnova, Taipei City, Taiwan). Sections were then incubated with a secondary antibody, donkey FITC-labeled anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA, USA) or donkey Cy3-labeled anti-mouse IgG (Jackson ImmunoResearch). Immunopositive signals were visualized by confocal laser microscopy (Carl Zeiss, Oberkochen, Germany).
Electrophoretic gel mobility shift assay (EMSA) and DNase I footprinting analysis
Recombinant porcine Prx2 was produced by ligating Prx2 cDNA in frame into the pET32a vector (Novagen, Darmstadt, Germany), expression in E. coli BL21 (DE3) Codon Plus RIPL (Stratagene, La Jolla, CA, USA) and then isolation using His-Tag Mag beads (Toyobo, Osaka, Japan). The purity of the recombinant Prx2 was confirmed by SDS-polyacrylamide gel electrophoresis (PAGE; data not shown).
A FAM-labeled DNA fragment was produced by PCR reaction using a FAM-labeled oligonucleotide 5'-primer. FAM-labeled probe DNA (100 fmol) was reacted with 100 ng of porcine recombinant Prx2 in the presence of 250 ng poly (dI-dC) in 10 μl of 10 mM Hepes buffer, pH 7.9, containing 0.4 mM MgCl2, 0.4 mM DTT, 50 mM NaCl and 4% glycerol at 30 C for 30 min; this was followed by 4% PAGE as described previously [10] .
DNase I footprinting analysis using the binding mixture described above was carried out as described previously [26, 27] .
Systematic evolution of ligands by exponential enrichment analysis (SELEX)
A 61-base oligonucleotide pool containing randomized sequences of 15-mer-nucleotide, 5'-CCTCGAGGTCGACGG-TATCCC-(N)15-CCGATCCACTAGTTCTAGAGCGGCC-3' (N= any nucleotide), and a primer set for amplification, 5'-CCTCGA-GGTCGACGGTATCCC-3' and 5'-GGCCGCTCTAGAACT-AGTGGATC-3', were synthesized as described previously [28] . A random sequence library of a double-stranded 61-base oligonucleotide pool (ds-oligos) was prepared by PCR using KOD-Plus DNA polymerase (Toyobo) with 3-cycle reactions of 1 min at 94 C, 30 sec at 63 C and 30 sec at 68 C. Selection of binding sequences was carried out with 20 pmol of ds-oligo by incubation with 4 pmol of recombinant Prx2 in 10 μl of 10 mM Hepes buffer, pH 7.9, containing 0.4 mM MgCl2, 0.4 mM DTT, 50 mM NaCl and 4% glycerol (v/v) and was incubated at 37 C for 30 min. The ds-oligos bound to recombinant Prx2 were collected by incubation for 10-30 min at room temperature after addition of 10 μl of His-tag Mag beads (Toyobo). After removal of the aqueous phase, the beads were washed twice with binding buffer, and the binding complex was eluted with elution buffer containing 200 mM imidazole. Ds-oligos were collected by ethanol precipitation after 2 cycles of phenolchloroform extraction. The recovered ds-oligos were re-amplified under the same PCR conditions described above and used for further selection. The second generation of selection was performed under the same binding conditions as the first selection. To avoid non-specific binding, 500 ng ds-poly(dIdC) was added to the binding mixture for the 3rd and 4th generations and 2 μg was added for subsequent generations.
Each of the selected ds-oligos after the 5th and 7th generations of selection were purified, amplified and digested with two restriction enzymes, SalI and XbaI, followed by ligation in pUC118 digested with SalI and XbaI. The nucleotide sequences of the cloned oligonucleotides were analyzed.
The sequences were aligned using a TAAT motif as a landmark and submitted for sequence-logo analysis (http://weblogo.berkeley.edu/), a graphical representation of nucleotide sequence alignment able to display the relative frequency of each nucleotide at every position. This analysis provides a richer and more precise description of the binding site than that of a consensus sequence [29] .
Transfection reporter assays
Porcine Prx2 cDNA was ligated in frame into the mammalian expression vector pcDNA3.1Zeo+ (pcDNA3.1, Invitrogen, Carlsbad, CA, USA). To obtain serial truncated upstream regions of the porcine Fshb gene [23] , specific primer sets for PCR were designed and synthesized (Table 1 ). The resulting amplified products were ligated to the secreted alkaline phosphatase (SEAP) plasmid vector pSEAP2-Basic (BD Biosciences Clontech, Palo Alto, CA, USA), which has no eukaryotic promoter, resulting in reporter vectors 104 from -985/+10, was described previously [12] . The Prx2 and Prop1 binding elements (TAATT, TAATTGAATTA and TAAT-TGAATTA × 7) were ligated to the minimal Cga promoter vector containing Cga(-53/+12), as described previously [26] .
Deletion mutants were constructed with specific primers (Table  1) Table 2 using Fshb(-596/+10).
The culture and transfection conditions for Chinese Hamster Ovary (CHO) cells (obtained from RIKEN Cell Bank, Ibaraki, Japan) and an immortalized gonadotrope cell line, LβT2 (kindly provided by Dr. PL Mellon), have been described previously [30, 31] . 
Results
Cloning of porcine Prx2 by the Yeast One-Hybrid system
Screening of 4.1 × 10 6 transformants yielded eleven clones, of which the specific amino acid requirement and β-galactosidase activity were reconfirmed after retransformation of yeast YM4271 (data not shown). The DNA sequences of selected clones were determined and then a homology search was performed using BLAST search. The result showed that at least three clones were the porcine orthologs of Prx2, which had not previously been identified in the pituitary gland. The entire sequence of 1126 bp contained an open reading frame of 768 bp encoding 255 amino acids with two putative polyadenylation signals (ATTAAA and AATAAA) in the 3' untranslated region (data not shown, see DDBJ; accession number D0058745). The amino acid sequence of porcine Prx2 was longer than those of other mammals, with a similarity of 86-95% (Fig. 1) . The three characteristic domains, PRX domain, homeodomain and OAR domain [32, 33] , were well conserved among species.
RT-PCR and immunohistochemical analyses of Prx2
The temporal expression of Prx2 was examined by RT-PCR using porcine embryos (E) and postnatal (P) pituitaries as well as Lhb and Cyclophilin A. RT-PCR analysis of Lhb ( Fig. 2A) showed an early expression in the fetal pituitary of both sexes in accordance with the previous observation by Northern blot analysis [34, 35] . In the porcine male pituitary, Prx2 started to be expressed at E50, and the expression level increased transiently at E65, but decreased before birth, and then increased again after birth ( Fig. 2A) . On the other hand, in female pigs, expression of Prx2 was already observed at E40, and its level was increased at E82; it subsequently decreased once and finally regained a high level after birth ( Fig.  2A) . In both the male and female pituitary, the expression of Prx2 
Cell-type specific regulation of Fshb promoter by Prx2
To analyze Prx2 function in the regulation of Fshb promoter activity, a transfection assay using Fshb(-103/+10), ΔFshb(-985/ +10) and Fshb(-985/+10) was performed with/without Prx2/ pcDNA3.1 in a non-pituitary lineage of CHO cells and a pituitary gonadotrope lineage of LβT2 cells. In CHO cells, the basal promoter activities of Fshb(-985/+10) were as low as 18% of that of pSEAP2-Basic vector (Fig. 3A) . This reduction may be attributed to the cell-type specificity of Fshb promoter activity, since CHO cells do not express (Fig. 3A) . On the other hand, a transfection assay of LβT2 cells, which express the Fshb gene endogenously at a low but consistent level [36] , showed that the high basal promoter activity of Fshb(-985/ +10) (30.4-fold higher than that of pSEAP2-Basic) was significantly (P<0.01) repressed by addition of Prx2/pcDNA3.1 (0.3-fold), while the promoter activities of pSEAP2-Basic vector and Fshb(-103/+10) were unaffected by Prx2/pcDNA3.1 (Fig. 3B) .
Interestingly, ΔFshb(-985/+10) showed a markedly decreased basal promoter activity and weak stimulation by Prx2/pcDNA3.1 (2.6-fold; Fig. 3B ). These results show that Prx2 regulates Fshb promoter activity in a cell-type specific manner as an activator in CHO cells and a repressor in LβT2 cells.
To identify the Prx2-responsive region in the wide range of Fshb promoter, we performed a transfection assay using serial deletion mutants of -2323/+10 in CHO cells and LβT2 cells. In the CHO cells, two regions, -596/-239 and -985/-597, showed Prx2-dependent activation, from 1.6-to 4.9-fold and from 4.9-to 10.3-fold, respectively (Fig. 4A) . In LβT2 cells, three regions, -238/-104, -596/-239 and -985/-597, showed Prx2-dependent repression, from 1.0-to 0.60-fold, from 0.60-to 0.37-fold and from 0.37-to 0.27-fold, respectively (Fig. 4B) . Accordingly, two regions, -596/-239 and -985/-597, exert opposite effects that provide activation in CHO cells and repression in LβT2 cells, while the -238/-104 region is likely specific for LβT2 cells.
Identification of Prx2 binding sites in the -985/-239 region of Fshb promoter
EMSA was performed using purified recombinant Prx2 and a FAM-labeled Fd2 fragment to reconfirm the binding between Prx2 and Fd2 (Fig. 5A ). Prx2-binding was not disrupted by the presence of a 300-fold excess amount of poly dI-dC (Fig. 5A, lane 2) and was decomposed into multiple faster migrating bands by addition of a 50-fold molar excess of unlabeled Fd2 (Fig. 5A, lane 3) .
DNase I footprinting analysis demonstrated that the signals of DNA fragments yielded by DNase I digestion were markedly reduced in the AT-rich region by Prx2 (Fig. 5B) . Signals between -839 and -794 disappeared with the addition of Prx2, except for -837 (T), -809 (C), -801 (A), -797 (A) and -826/-819 (ATAAGCTT; Fig. 5B ). DNase I footprinting for -745/-597 showed the absence of an obvious Prx2-binding site in this region (data not shown).
Further analysis for -596/-239 demonstrated seven Prx2-binding sites, which were -538/-525 (a: TAAAGAATTAC-GAG), -509/-505 (b: TAATA), -466/-458 (c: AATATAATT), -441/-433 (d: GTATAATCA), -383/-368 (e: AGAGTAACT-TATTAAC), -298/-287 (f: CCCAAATTAAAT) and -262/-253 (g: GACTTAATTT; Fig. 5C ). Signals increased by Prx2-binding were frequently present around the region in which signals were decreased, reflecting an increased susceptibility to nuclease by DNA bending. Estimation of the reporter gene activities and processing the data were handled as described in Fig. 3 . The fold changes in activity induced by Prx2/pcDNA3.1 are indicated. 
DNA binding property of Prx2
The Prx2 binding sequences found in this study do not contain the previously reported consensus-binding sequence of mouse Prx2 (ANWWAATTARC; W=T or A and R=A or G) [37] . Hence, we have reinvestigated the consensus binding sequence of Prx2 using SELEX and analyzed it for 41 and 33 clones after the 5th and the 7th generations of selection, respectively. The TAAT motif at the 5'-half was found in about 44 and 100% of the oligonucleotides selected at the 5th and 7th generations, respectively (data not shown). Alignment by web-logo analysis showed the appearance of eleven nucleotides containing a TAAT motif in the 5'-half at a high frequency and an ATTA motif in the 3'-half at a low frequency at the 5th generation (Fig. 6A left panel) . The 7th generation revealed a decided preference for TAATT in the 5'-half (Fig. 6A right panel) . EMSA was then performed to confirm and examine the binding properties of Prx2 using typical sequences selected by SELEX, TAAT, TAATT, TAATcgcATTA and TAATTgAATTA (Fig. 6B) . The binding ability of Prx2 was compared with that of the related homeodomain transcription factor Prop1, which we cloned as an Fd2-binding factor [12] and is known to be a responsive gene for murine Ames dwarfism [20] . Both proteins showed no shift bands for sequences lacking a TAAT sequence (ctggtgacgtg). On the other hand, Prx2 and Prop1 showed a low binding ability for a single TAAT sequence. An additional T at the 3'-end of TAAT (TAATT) increased the binding affinity of Prx2 and Prop1. Furthermore, when the binding of inverted repeats of TAAT and TAATT separated by 3 and 1 nucleotides (TAATcgcATTA and TAATTgAATTA), respectively, was examined, Prop1 showed a major low-mobility shift band by formation of a co-operative dimer [38, 39] for both sequences. On the other hand, Prx2 formed two shift bands with TAATcgcATTA and TAATTgAATTA, with stronger binding ability to the latter sequence, differing from the cooperative dimer-binding of Prop1. These results demonstrated that Prx2 preferentially binds to a TAATT motif, but lacks the ability to form a homodimer on inverted TAATT repeats. Notably, the Prx2-binding sites identified in Fd2 and -596/-239 consisted of TAATT, AATTA, TAAT or ATTA motifs.
A transfection assay with reporter vectors constructed by fusing Prx2-binding sequences, TAATT, TAATTgAATTA and TAATTgAATTA × 7 into Cga(-53/+10)/pSEAP2 was performed using CHO cells. Prop1/pcDNA3.1 was used as a positive control, since Prop1 can stimulate promoter activity via the TAATTgAATTA sequence [40] . The results revealed that Prx2/pcDNA3.1 did not affect the promoter activities via TAATTgAATTA and TAATTgAATTA × 7, although Prop1/pcDNA3.1 showed apparent stimulation (Fig. 6C) .
Mutation analyses of seven Prx2-binding sites in -596/-239
To verify whether Prx2-binding sites in -596/-239 are responsive to Prx2, we mutated each TAAT or ATTA motif to CGGC ( Table 2) . Loss of binding ability with Prx2 by the mutation was confirmed by EMSA using mutated DNA as a cold competitor against binding with FAM-TAATTgAATTA (Fig. 7A) . Addition of wild-type sequences (a-g) at 100 molar excess amounts evidently competed with TAATTgAATTA for Prx2 binding. In contrast, mutations (am-gm) obviously reduced the ability to compete with each wild-type sequence, representing a loss of binding capacity to Prx2 by mutation (Fig. 7A) .
Using these mutated reporter vectors, we performed a transfection assay using CHO cells. Serial mutation of each Prx2 binding site from site a to site g showed no significant alterations in transcriptional activation by Prx2, except for -262/-253 (site g), mutation of which yielded a 25% decrease from an activation level of wild-type -596/+10 (Fig. 7B) .
Therefore, a promoter assay was performed for deletion mutants of each Prx2-binding site. The serial deletions showed a gradual decrease in Prx2-stimulation with a marked effect by loss of binding site b, showing the complementary role of each Prx2-binding site (Fig. 7C) .
Discussion
In this study, using the Yeast One-Hybrid Cloning System, we succeeded in a molecular cloning of Prx2 as a binding protein of the Fd2 region of the Fshb promoter from the porcine adult pituitary cDNA library. RT-PCR showed that Prx2 is certainly expressed from E40-50 days to the postnatal period in the porcine pituitary. Double immunohistochemistry demonstrated that Prx2 was present in the nuclei of cells scattered in the porcine postnatal pituitary and that some of them were indeed Lhβ-positive cells (Fig. 2) . Analyses by EMSA, DNase I footprinting and transfection reporter assay demonstrated that Prx2 is able to bind to sequences containing TAATT or TAAT and regulate Fshb promoter activity. Thus, this is the first study to demonstrate that paired-related homeodomain transcription factor Prx2 is expressed in the pituitary, present in some gonadotrope populations and able to modulate Fshb promoter activity. The expression of Prx2 was originally found at the primitive streak stage in the extraembryonic mesoderm [22] , at later stages in the mesenchyme of the head, limbs and trunk and, in many instances, in regions involved in epithelio-mesenchymal interaction [41] . Another closely related protein, Prx1, plays roles in development of the heart and forebrain [42] and of the bone in the skull, limbs and vertebral column as revealed in loss-of-function cases [43] . Prx2 and Prx1 are expressed in very similar patterns, predominantly in the mesenchyme [44] , and are important for correct skeletogenesis with overlapping expression in limited tissues [45] .
Although Prx2
-/-mutant mice show a nearly normal phenotype, Prx1 -/-mutant mice evidence severe abnormality, and Prx1
Prx2
-/-double mutants display an even more severe phenotype [45] . Notably, because Prx2 has been recognized as the transcription factor acting in extrapituitary tissues, its effect on the pituitary gland had been overlooked in the study of Prx2 -/-and/or Prx1 -/-mutant mice. Therefore, no abnormalities in the pituitaries of Prx -/-mutant mice have previously been reported. Prx2 has three domains composed of evolutionarily conserved amino acid sequences between Prx2 and Prx1 [32, 33] . The first one is the Prx domain, which is conserved in both Prx2 and Prx1 and plays a role in cell-specific and promoter-dependent regulation. The second is the homeodomain containing 60 amino acid residues important for DNA binding. The third is the aristaless (OAR) domain, which is conserved among 35 paired-type homeodomain proteins and folds by interacting with its N-terminal to interfere with DNA binding of Prx1 [32, 33] . Notably, part of the OAR domain shows high similarity to the C-terminal element (SLASLR- LKSKQHS) of the bicoid-like homeodomain transcription factors Ptx1 and Ptx2 [46, 47] . C-terminal truncation of Ptx2 by mutation at amino acid 133 (W133Stop) in Rieger syndrome causes several developmental defects [48] . The C-terminal element of Ptx2 plays important roles in gene regulation by which Pit1 interacts with the C-terminal tail of Ptx2 to disrupt its interference with DNA binding ability [47] . Phosphorylation of the C-terminal tail of Ptx2 reportedly enhances the interaction with cellular factors [49] . If the OAR of Prx2 has a role similar to the C-terminal of Ptx1 and/or Ptx2, Prx2 may be involved in regulation by protein-protein interaction.
The transfection experiments revealed that the basal activity of Fshb promoter (-2323/+10) was markedly high in LβT2 cells in contrast to that in CHO cells (Fig. 4) , indicating the presence of elements responsive for cell-type specific expression. This LβT2 celldependent advanced promoter activity of the Fshb upstream region is consistent with our previous observation that the -852/+10 region of the Fshb promoter is sufficient for gonadotrope-specific expression in transgenic rats [11] . The regulatory element responsible for the high basal promoter activity of Fshb in LβT2 cells may be mapped in the region over -104 (Fig. 4B) . The -238/-104, -985/-597 including Fd2 and -2323/-1966 regions elevated the basal activity in LβT2 cells, while the -596/-239 region reduced it in CHO cells. Notably, deletion of -745/-104 from -985/+10 abolished the high basal expression level in LβT2 cells (Fig. 3B) . These results indicate that the distal (-2323/-1966) and proximal (-238/-104) regions contain elements responsive to cell-type specific expression of the Fshb gene in addition to the -985/-597 region including Fd2. The findings of the present study are partly consistent with the observation in our previous study of production of transgenic rats that a tissue/cell specific response region is present in at least the -852/+10 region [11] .
Prx2 exhibited opposite effects on the Fshb promoter activities in CHO and LβT2 cells. Prx2-dependent repression was observed through the region over -104 in LβT2 cells (Fig. 4B) , while Prx2 stimulated through the region over -239 in CHO cells (Fig. 4A) . On the other hand, the transfection assay for synthesized Prx2-binding sequences revealed that Prx2 could not stimulate promoter activity through single or seven repeats of TAATTgAATTA (Fig.  6C) . Taken together, it may be supposed that Prx2 binding alone lacks to exert its function and may require factors which interact directly with Prx2 or bind to cis-element in other regions to create a cell-type dependent response of Prx2. In addition, seven Prx2 binding sites in the -596/-239 region complement each other's functional ability, since each mutation did not lose its Prx2-dependent promoter activity (Fig. 7B) . On the other hand, serial truncation of the Prx2 binding site apparently decreased the promoter activity (Fig. 7C) . In particular, deletion of -516/-470 caused a 50% loss of Prx2 stimulation, indicating the presence of a binding site of an interacting factor in this region.
RT-PCR analysis showed that Prx2 starts to be expressed just before Lhb expression is initiated. The expression level of Prx2 during pituitary development showed a biphasic pattern, an initial increase in the embryonic period and an obvious increase after birth. Immunohistochemistry demonstrated that Prx2 is unequivocally present in some, but not all porcine gonadotropes. We did not determine the coexistence of Prx2 and pituitary hormones other than Lhβ using porcine tissue. We are currently attempting to apply the antibody for the rat pituitary at this time. Accordingly, we preliminarily observed that Prx2 did not co-localize with Lhβ in the postnatal period but that it certainly existed in 2% of the Lhβ-positive cells in the rat pituitary of E21.5 (unpublished observation). The observation that Prx2 is present in some gonadotropes may lend support to the idea that Prx2 has a transient role in differentiating pituitary cells. More recently, we have reported that Prop1 is present in the stem/progenitor cells of embryonic pituitaries [50] and found that Prx2 is present in the Prop1-positive cells (unpublished observation). To clarify the role of Prx2, we are currently attempting to confirm the localization of Prx2-positive cells during rat pituitary development, and the results will be described elsewhere.
In summary, this study has demonstrated for the first time that paired-related homeodomain transcription factor Prx2 is present in gonadotropes as well as in other pituitary cells and potentially participates in the regulation of Fshb gene expression. Investigation of when and where Prx2 starts to express during pituitary organogenesis is an urgent and fundamental issue. Identification of the target genes of Prx2 would also be informative to clarify the function of Prx2.
